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Polyaniline  (PANI)  counter  electrode  (CE)  has  been  fabricated  for  dye-sensitized  solar  cells  (DSSCs)  via 
electropolymerization  in  the  presence  of  sodium  dodecyl  sulfate  (SDS),  which  can  act  as  both  dopant  and 
surfactant.  The  introduction  of  SDS  in  the  synthetic  solution  for  PANI  can  improve  the  microstructure  and 
conductivity  of  resultant  thin  film  and  greatly  increase  the  catalytic  activity  of  the  as-prepared  PANI  film 
for  I3  reduction.  The  DSSCs  based  on  the  resultant  PANI  CEs  achieve  a  remarkable  power  conversion 
efficiency  of  7.0%,  about  95%  of  that  based  on  conventional  Pt  CEs  (7.4%).  The  results  indicate  that  the 
PANI  film  prepared  with  SDS  may  substitute  the  expensive  Pt  as  the  CEs  for  DSSCs  application. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  a  typical  photoelectrochemical  cell,  dye-sensitized  solar  cells 
(DSSCs)  have  been  widely  studied  by  virtue  of  relatively  high  en¬ 
ergy  conversion  efficiency,  low-cost,  easy  fabrication  and  friendly 
to  environmental  [1  ].  The  role  of  counter  electrode  (CE)  in  DSSCs  is 
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to  collect  electrons  flowing  from  external  circuit,  as  well  as  to 
catalyze  the  regeneration  of  redox  mediator.  Thus,  a  good  CE  should 
have  high  conductivity,  high  electrocatalytic  activity  for  P/I3  redox 
reaction,  good  chemical  stability,  and  low  cost.  Although  Pt  has 
been  used  as  the  most  popular  CEs  for  DSSCs,  its  high  cost,  abun¬ 
dance  deficiency,  and  easy  corrosion  in  triiodide  solution  make  it 
unsuitable  for  cost-effective  fabrication  and  long-term  stability  of 
DSSC  [2,3  .  Thus,  Pt-free  materials  with  low  cost  and  good  stability 
have  been  explored  as  catalysts  for  DSSCs,  mainly  based  on  carbon 
materials  [4-6],  transition  metal  oxides  and  sulphides  [7-12],  and 
organic  conducting  polymers  [13-21]. 
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Polyaniline  (PANI)  has  been  studied  as  a  promising  candidate  to 
substitute  Pt  for  DSSCs  due  to  its  high  conductivity,  good  environ¬ 
mental  stability,  low  cost,  facile  synthesis,  and  high  catalytic  ac¬ 
tivity  for  I3  reduction  [17-21].  Compared  with  that  prepared  by 
chemical  oxidation,  PANI  film  synthesized  via  electro¬ 
polymerization  has  merits  of  higher  purity,  better  adhesivity,  in- 
situ  fabrication  at  low  temperature,  and  the  like,  which  exhibits 
great  potential  application  in  large-scale  plastic  solar  cells.  The 
presence  of  a  surfactant  in  synthetic  solution  can  significantly 
modify  the  properties  of  the  obtained  polymers  [22].  For  example, 
sodium  dodecyl  sulfate  (SDS)  has  been  used  extensively  as  the 
surfactant/dopant  for  micelle/emulsion  polymerization  because 
SDS  can  form  micelles  in  aqueous  solution  by  the  aid  of  the  hy¬ 
drophobic  alkyl  chain  and  the  hydrophilic  anionic  charge.  The 
morphology,  conjugation,  doping  degree,  and  conductivity  of  the 
resultant  polymer  film  can  thus  been  tuned  [23]. 

The  morphology  and  conductivity  of  the  CEs  have  a  great  impact 
on  the  DSSC  performance;  while  so  far  no  work  is  reported  about 
the  PANI  CEs  prepared  using  SDS  as  the  surfactant/dopant  for  DSSCs 
application.  Herein,  we  fabricated  PANI  films  via  in-situ  electro¬ 
polymerization  in  the  presence  of  SDS  (PANI-SDS)  and  used  them  as 
the  CEs  in  DSSCs.  The  PANI  films  were  synthesized  under  a  constant 
bias  (0.8  V  vs.  SCE)  using  a  same  charge  capacity  (0.8  C)  for  all  of  the 
samples.  The  performance  of  the  DSSCs  based  on  PANI-SDS  CE  has 
been  compared  with  those  based  on  both  the  control  (Pt  CE)  and 
that  prepared  without  SDS  (PANI-N).  The  morphology,  doping  de¬ 
gree,  electric  conductivity,  and  the  electrocatalytic  activity  of  the 
PANI  films  have  also  been  discussed  in  detail. 

2.  Experimental 

2.1.  Preparation  of  the  PANI  CEs 

The  PANI  films  were  prepared  by  electrochemical  polymeriza¬ 
tion  on  FTO  glass  (fluorine-doped  tin  oxide,  14  Q  □  Wuhan  Ge’ao 
Co.,  Ltd.,  China)  with  a  CHI  660D  potentiostat  (CH  Instrument, 
China).  Before  polymerization,  the  FTO  substrates  were  pretreated 
using  an  ultrasonic  bath  in  detergent,  acetone,  deionized  water,  and 
2-propanol  for  15  min,  respectively.  The  polymerization  was  per¬ 
formed  under  a  constant  bias  of  0.8  V  at  a  same  charge  of  0.8  C  for 
all  of  the  samples  at  room  temperature.  A  Pt  plate  was  used  as  the 
counter  electrode  and  a  saturated  calomel  electrode  (SCE)  served  as 
the  reference  electrode.  The  electropolymerization  solution  was 
composed  of  0.25  M  aniline,  0.20  M  H2SO4,  with  (PANI-SDS)  or 
without  (PANI-N)  0.15  M  SDS  in  water.  The  obtained  PANI  films 
were  then  washed  copiously  with  water  and  dried  at  70  °C  for  1  h  in 
air  for  use.  For  comparison,  Pt  CEs  were  prepared  by  thermal 
decomposition  of  H2PtCl6  (30  mM  in  isopropanol)  on  FTO  sub¬ 
strates  at  385  °C  for  30  min. 

2.2.  Fabrication  of  DSSCs  devices 

The  Ti02  (20  nm,  Wuhan  Ge’ao  Co.,  Ltd.,  China)  films  were 
fabricated  on  FTO  by  using  doctor-blade  technique,  followed  by 
sintering  at  125,  325,  375,  450,  and  500  °C  for  6,  15,  10,  15,  and 
10  min,  respectively.  The  thickness  of  the  obtained  Ti02  photo¬ 
anodes  was  about  8  pm  and  the  active  area  was  0.35  cm2.  Then  they 
were  treated  with  0.02  M  TiCU  solution  at  70  °C  for  30  min,  fol¬ 
lowed  by  being  sintered  at  450  °C  for  30  min  again.  After  cooling 
down  to  80  °C,  they  were  immersed  for  12  h  into  a  mixture  solution 
of  acetonitrile  and  t-butanol  (volume  ratio  of  1:1)  containing 
0.5  mM  N719  dye  (Solaronix).  The  sandwich-type  solar  cells  con¬ 
sisted  of  a  dye-sensitized  Ti02  film  as  working  electrode,  the  as- 
prepared  PANI  or  Pt  electrode  as  CE,  and  an  electrolyte  solution 
containing  0.1  M  Lil,  0.05  M  I2,  0.6  M  l,2-dimethyl-3- 


propylimidazolium  iodide,  and  0.5  M  4-tert-butylpyridine  in  3- 
methoxyacetonitrile. 

2.3.  Characterization  and  measurements 

The  morphology  was  characterized  by  the  field-emission  scan¬ 
ning  electron  microscopy  (FE-SEM  Hitachi  S-4800).  Absorption 
spectra  were  collected  using  a  Lambda  750  UV/Vis/NIR  spectro¬ 
photometer.  The  X-ray  photoelectron  spectroscopy  (XPS)  spectra 
were  obtained  by  a  Thermo  Scientific  ESCALAB  250  instrument. 
Electrochemical  catalytic  activity  was  evaluated  by  cyclic  voltam¬ 
metry  (CV)  measurements  using  a  three-electrode  system  in  an 
acetonitrile  solution  containing  10  mM  Lil,  1.0  mM  I2,  and  0.1  M 
LiC104  with  the  CHI  660D  electrochemical  workstation.  The  scan 
rate  is  50  mV  s-1.  A  Pt  plate  and  an  SCE  were  used  as  counter  and 
reference  electrode,  respectively.  The  measurements  of  double 
layer  capacitance  were  performed  on  the  CHI  660D.  Electro¬ 
chemical  impedance  spectra  (EIS)  of  the  DSSCs  were  measured  in 
the  dark  under  a  DC  bias  of  -0.7  V  with  a  frequency  range  of  0.01  — 
105  Hz  using  the  CHI  660D  electrochemical  workstation.  Photo¬ 
voltaic  performance  of  the  DSSCs  were  measured  using  a  solar 
simulator  (Model  69907,  Oriel)  and  Keithley  source  meter  (2420) 
under  illumination  of  AM  1.5G  light  (85  mW  cm-2),  a  mask  with  a 
window  of  0.15  cm2  was  clipped  on  the  Ti02  side  to  define  the 
active  area  of  the  cells. 

3.  Results  and  discussion 

3.1.  Photovoltaic  performance  of  the  DSSCs 

Fig.  1  shows  the  current  density-voltage  (J—V)  characteristics  of 
the  DSSCs  based  on  the  CEs  of  PANI-SDS,  PANI-N  and  Pt.  The 
derived  photovoltaic  parameters  are  listed  in  the  inset  of  Fig.  1.  The 
DSSC  based-on  PANI-SDS  CE  shows  a  power  conversion  efficiency 
(PCE)  of  7.0%,  with  an  open-circuit  voltage  (Voc)  of  0.72  V,  short- 
circuit  current  density  (Jsc)  of  14.0  mA  cm-2,  and  fill  factor  (FF)  of 
0.59.  Such  a  PCE  is  much  higher  than  that  based  on  PANI-N  CE 
(4.9%)  and  is  about  95%  of  that  using  Pt  CE  (7.4%),  indicting  a  high 
electrocatalytic  activity  of  PANI  CEs  prepared  with  SDS  on  IT 
reduction. 

3.2.  Surface  morphology  of  the  PANI  films 

The  morphology  of  as-prepared  PANI  films  was  studied  using 
SEM  images.  Both  the  films  prepared  with  and  without  SDS  have  a 
strongly  bounded,  compact  graniform  thin  layer  of  PANI  on  the 
surface  of  FTO  substrate  (Fig.  2).  For  PANI-N,  some  cauliflower- 


Fig.  1.  J-V  curves  of  the  DSSCs  based  on  PANI  and  Pt  CEs. 
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Fig.  2.  SEM  images  of  (a)  PANI-N  and  (b)  PANI-SDS  films.  The  (a)*  and  (b)*  are  the  zoom-in  images  of  (a)  and  (b),  respectively. 


shaped  PANI  distributes  randomly  on  the  first  layer.  The  high 
magnification  image  indicates  that  both  the  grains  and  flowers  are 
composed  of  small  fluffy  granules  with  a  diameter  of  about  15  nm 
(Fig.  2(a)*),  which  may  be  formed  by  the  twisted  and  coiled  PANI 
chains.  While  for  PANI-SDS,  some  big  block-like  PANI  is  present  on 
the  first  compact  layer,  which  is  composed  of  porous  microvillus 
structure  (Fig.  2(b)*).  Since  SDS  molecules  can  act  as  both  dopant 
and  surfactant  during  electropolymerization,  this  may  be  ascribed 
to  the  large  size  of  dodecyl  sulfate  anion  (DS-)  and  high  local 
concentration  of  aniline  monomer  in  the  micellar  reaction  medium. 
The  resultant  porous  structure  of  PANI-SDS  film  can  facilitate  the 
penetration  of  electrolyte  in  CEs  of  DSSCs.  A  reduced  charge 
transfer  resistance  at  the  CE/electrolyte  interface  is  thus  expected. 

3.3.  Structure  and  conductivity  characterization  of  the  PANI  films 

The  structure  and  conductivity  of  the  as-prepared  films  were 
first  studied  by  the  absorption  spectra.  The  PANI  films  obtained 
with  and  without  SDS  exhibit  a  similar  curve  shape,  with  two  major 
absorption  peaks  (Fig.  3).  The  peak  at  around  335  nm  (Ai)  originates 
from  the  tz—tz*  transition  centered  in  the  benzenoid  rings,  and  the 
one  in  the  NIR  region  (A2)  corresponds  to  the  charged  cationic 
species  (polaron  band  transition),  indicating  that  the  obtained  PANI 
films  are  both  in  doping  states  [24].  The  intensity  (A)  of  the  ab¬ 
sorption  peaks  for  both  PANI  films  hardly  changes  because  they  are 
electropolymerized  at  the  same  charge  capacity.  However,  A2  of 
PANI-SDS  (762  nm)  exhibits  a  considerable  red  shift  compared  with 
that  of  PANI-N  (704  nm),  suggesting  a  longer  conjugation  length  of 
the  PANI-SDS  backbone.  This  is  because  the  surfactant  ions  (DS_) 
can  produce  some  template  effects  at  electrode/solution  interface, 
improving  the  organization  of  PANI  chains.  Furthermore,  the  DS~ 
can  be  incorporated  into  the  polymer  acting  as  dopants  during 
electropolymerization.  The  hydrophobic  alkyl  chain  of  DS~  can 
decrease  the  molecular  interaction  of  the  PANI  chains,  facilitating 
the  formation  of  much  more  ordered  PANI  chains. 

The  doping  degree  of  the  PANI  films  was  calculated  from  XPS 
analysis.  The  binding  energies  at  about  399.6  eV  and  168.6  eV  are 


attributed  to  the  Nis  in  PANI  backbone  and  S2P  in  SO4-  (and/or 
DS~),  respectively  [25].  The  percentage  of  N  and  S  elements  for  each 
sample  can  be  calculated  according  to  the  XPS  spectra  (Table  1 ).  The 
doping  degree  of  PANI  is  thus  estimated  from  the  atomic  ratio  of  S 
to  N  (S/N).  The  value  of  S/N  of  PANI-SDS  (0.40)  is  much  higher  than 
that  of  PANI-N  (0.25),  indicating  a  much  higher  doping  degree  of 
the  counter  anion  for  PANI-SDS  (about  one  dopant  counter  anion 
per  2.5  aniline)  than  PANI-N  (about  one  dopant  counter  anion  per  4 
aniline).  The  S2P  spectra  of  PANI-N  consist  of  two  peaks  centered  at 
168.3  eV  and  169.5  eV  upon  deconvolution  (Fig.  4),  corresponding 
to  the  respective  spin  orbit  of  S2Pi/2  and  S2P3/2  doublet  peak  in  SO4-. 
Besides  this  S2P  XPS  signal,  it  is  noted  that  a  new  pair  of  peak  appear 
in  the  S2p  spectra  for  PANI-SDS  (Fig.  4,  168.9  eV  and  170.1  eV), 
indicating  the  presence  of  DS_.  So  the  DS_  ions  are  doped  in  PANI. 
The  doping  degree  of  SO4-  and  DS~  in  PANI-SDS  is  around  0.256 
and  0.145,  respectively.  Thus,  the  increased  doping  degree  of  PANI- 
SDS  is  ascribed  to  the  DS"  dopant.  It  is  known  that  the  electric 
conductivity  of  a  polymer  is  closely  related  to  its  doping  degree, 


Fig.  3.  AbsorPtion  sPectra  of  the  PANI  films,  inset  shows  the  maximum  absorPtion 
Peaks  (A)  and  the  corresPonding  absorbance  (A). 
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Table  1 

Atomic  percentage  of  N  and  S  elements  in  the  as-prepared  PANI  films  derived  from 
XPS  results. 


Sample 

C(%) 

N  (%) 

S(%) 

S/N 

PANI-N 

76.91 

10.97 

2.74 

0.25 

PANI-SDS 

77.76 

7.93 

2.04  (SO4-)  +  1.15  (DS“) 

0.40 

conjugation  length,  and  ordering  of  the  backbone.  Therefore,  PANI- 
SDS  is  expected  to  exhibit  a  higher  conductivity  than  PANI-N. 

3.4.  EIS  characteristics  of  DSSCs 

EIS  analysis  was  carried  out  using  the  DSSCs  to  study  charge 
transfer  resistance  at  the  interface  (Fig.  5).  The  impedance  param¬ 
eters  are  derived  in  terms  of  the  equivalent  circuit  shown  in  Fig.  5 
(Table  2).  The  Rc t  is  the  charge  transfer  impedance  at  electrode/ 
electrolyte  interface  (including  both  interfaces  of  working  elec¬ 
trode/electrolyte  and  CE/electrolyte),  W  represents  Warburg 
diffusion  impedance,  Cdl  is  double-layer  capacitance,  and  Rs  is 
impedance  contributed  from  the  contact  resistance,  bulk  electro¬ 
lyte  and  electrodes.  Since  all  of  the  components  in  the  DSSCs  are  the 
same  except  the  CEs,  the  change  in  the  Rct  can  be  attributed  mainly 
to  the  difference  in  CEs,  although  the  measured  values  include  the 
charge  transfer  impedance  at  all  of  the  interfaces.  Thus,  a  lower  Rct 
corresponds  to  a  higher  electron  transfer  rate  between  the  CE  and 
electrolyte,  i.e.  a  higher  catalytic  activity  on  the  reduction  of  IT  to  P. 
It  is  found  that  the  DSSC  based  on  PANI-SDS  CE  shows  a  similar  Rct 
value  (150.5  Q)  to  that  on  Pt  CE  (147.9  Q),  which  is  lower  than  that 
on  PANI-N  CE  (239.1  Q).  This  is  because  the  PANI  film  prepared  with 
the  addition  of  SDS  has  a  higher  conductivity  as  well  as  a  more 
porous  microstructure  than  that  without  SDS. 

3.5.  Electrocatalytic  activity  of  PANI  films  for  I~/If 

CV  was  used  to  evaluate  the  electrocatalytic  activity  of  the  as- 
prepared  PANI  films  on  I3  reduction.  The  CV  curves  of  I-/ 13  redox 
reaction  with  PANI-N,  PANI-SDS,  and  Pt  electrodes  exhibits  a  similar 
behavior  (Fig.  6),  with  two  pairs  of  redox  peaks  in  the  scanning 
range  of  -0.5  to  1.3  V  (vs.  SCE).  The  left  one  is  assigned  to 
31"  <r+  I3  +  2ep  and  the  right  one  corresponds  to  2I3  <-►  3I2  +  2e“ 
[26].  It  can  be  seen  that  PANI-SDS  shows  a  higher  current  density 
for  I3  reduction  than  Pt  and  PANI-N,  indicating  that  PANI-SDS  has  a 
higher  catalytic  activity  on  the  I3  reduction  to  I  than  PANI-N.  In 


Fig.  5.  Nyquist  plots  of  the  DSSCs  based  on  PANI  and  Pt  CEs,  inset  shows  the  equivalent 
circuit  employed  to  simulate  the  spectra. 


Table  2 

EIS  parameters  of  the  DSSCs  derived  from  the  spectra  shown  in  Fig.  5. 


CE 

Ks(fl) 

Rct  (O) 

PCE  (%) 

PANI-N 

43.7 

239.1 

4.9 

PANI-SDS 

36.5 

150.5 

7.0 

Pt 

52.2 

147.9 

7.4 

Fig.  6.  CV  curves  of  the  I  / 13  redox  couple  on  PANI  and  Pt  electrodes. 


166  168  170  172  174  176  178  180  166  168  170  172  174  176  178  180 

Binging  energy  (eV)  Binging  energy  (eV) 


Fig.  4.  S2p  XPS  spectra  of  PANI-N  and  PANI-SDS  films. 
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addition,  the  effective  electrochemical  active  area  (EEAA)  is  esti¬ 
mated  using  double-layer  capacitance  (Cd)  measurements.  A  larger 
Cd  means  a  higher  EEAA.  The  value  of  Q  for  PANI-N  and  PANI-SDS  is 
18.24  and  18.87  pF,  respectively.  Thus,  PANI-SDS  has  a  similar  EEAA 
to  PANI-N.  This  is  reasonable  since  the  same  charge  was  used  for 
the  electro-polymerization.  Hence,  the  superior  catalytic  activity  of 
PANI-SDS  is  mainly  caused  by  its  high  conductivity  and  low  charge 
transfer  resistance,  as  well  as  the  porous  microstructure. 

4.  Conclusions 

In  summary,  the  SDS  introduced  into  the  solution  for  PANI 
synthesis  can  act  as  both  surfactant  and  dopant,  leading  to 
controllable  modulation  of  the  doping  degree,  conjugation  length, 
and  micro-structure  of  the  as-prepared  PANI  films.  Accordingly,  the 
electric  conductivity,  interface  charge  transfer  rate,  catalytic  activ¬ 
ity  on  I3  reduction,  and  porosity  of  the  obtained  PANI  films  can  be 
improved,  resulting  in  an  enhanced  device  efficiency.  The  DSSC 
based  on  PANI-SDS  CE  exhibits  a  PCE  of  7.0%,  up  to  95%  of  that  with 
Pt  CE  (7.4%)  under  the  same  conditions.  The  results  indicate  that  the 
PANI  film  prepared  with  SDS  may  substitute  the  expensive  Pt  as  the 
CEs  for  DSSC  application,  especially  for  the  large-scale  flexible 
devices. 
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